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Abstract 
 
 As time goes by, need for energy storage system is increasing. Especially, with the development of 
electric vehicles and smart grid system, interest for energy storage system with high energy density and 
safety is getting increased. Until now, lithium ion batteries (LIBs) have been in charge of that energy 
storage system. However, LIBs have limitations in the view of high price and safety issues to be used 
as large scale energy storage system. So, needs for next generation battery systems are getting larger.  
 Magnesium based battery systems are promising candidates to alternate lithium based systems. They 
provide lower price and better safety than lithium based system. However, they also have limitations. 
First, only a few high voltage cathodes have been introduced. Second, magnesium metal cannot be used 
with conventional polar aprotic solvent. So, in this study, I will introduce cathode material which can 
store Mg2+ ions and operates in high voltage region. In addition, I will introduce magnesium insertion 
anode which is expected to be used with conventional solvents. 
Na0.69Fe2(CN)6 and Fe2(CN)6 were tested as cathode material for magnesium based system. 
Na0.69Fe2(CN)6 showed reversible cycling with the capacity about 70 mA h g-1. However, Fe2(CN)6 did 
not show electrochemical activity with magnesium. Na0.69Fe2(CN)6 showed small and reversible 
structural change and stable cycle performance over 30 cycles. By comparing Na0.69Fe2(CN)6 and 
Fe2(CN)6, it seems that the existence of Na+ helps reversible intercalation/de-intercalation of 
magnesium. 
 Natural graphite was tested as magnesium insertion anode. It showed reversible and stable cycling 
when cycled with the capacity of 180 mA h g-1. According to insertion/de-insertion of magnesium, it 
showed reversible structural change. The existence of magnesium in the natural graphite was observed 
with TEM. 
In this report, magnesium intercalation phenomena into Na0.69Fe2(CN)6 and natural graphite were 
reported. They showed possibility as cathode and anode for magnesium based energy storage system. 
Because these are first reports for magnesium based system, they are expected to introduce new way 
for magnesium system research. 
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1. Introduction 
 
1.1 Lithium ion batteries 
 
 As human life becomes more convenient with portable devices, importance of electrical power 
sources for them is increasing. In addition, with the development of electric vehicles and smart grid 
system, interest for energy storage system with high energy density and safety is also getting increased. 
Until now, lithium ion batteries (LIBs) have been in charge of these energy storage systems.1 
 Batteries are systems that store energy with electrochemical reactions between two chemicals. They 
mainly consist of cathode, anode, separator and electrolyte (Figure 1). Cathodes and anodes store 
cations which act as charge carriers moving between them. Separators divide cathode and anode 
physically to prevent direct chemical reaction due to thermodynamic energy difference between them. 
Electrolytes transfer cations between cathodes and anodes. The energy is charged and discharged 
based on oxidation and reduction of cathode and anode materials. Electrons generated form redox 
reaction pass through outer circuit, which is expressed as electric energy.2 Lithium ion batteries are 
the systems that use lithium ions as charger carriers. Lithium ion has low redox potential (3.05 V vs. 
NHE), small ion size (0.69 Å) and light weight (6.941 amu).1b With these characteristics, lithium ion 
batteries can provide high capacity and energy density. 
However, lithium ion batteries have limitations to be used as large scale energy storage system. First, 
lithium source reserves are located in only several countries (Figure 2).3 Unfortunately, these reserves 
are concentrated in South America, so the supply of lithium source is unstable. In addition, lithium 
battery market has been enlarged so far and the speed of market development is still rapidly rising 
(Figure 3).4 This rapid market growth leads lithium source demand increase. This results in lack of 
supply than demand, and the price of lithium source increases accordingly. For last 10 years, lithium 
carbonate price increased almost 3 times higher than before. Second, high reactivity of lithium leads 
safety issues such as explosion. When lithium ion battery is damaged with unexpected stress, it 
vigorously reacts leading unwanted reaction and explosion. Especially, when lithium deposition 
occurs, it forms dendrite on the surface (Figure 4). These dendrites trigger serious safety problems. 
When the dendrite grows and reaches the cathode, it makes internal short circuit which leads explosion 
of the batteries.5 With these drawbacks, need for nest generation batteries is increasing.  
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Figure 5 Schematic structure of lithium ion battery6 
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Figure 6 Lithium source reserves in the world3b 
 
Figure 7 Lithium battery market development4 
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Figure 8 Dendrite formation on lithium surface5 
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1.2 magnesium based batteries 
  
 Magnesium based battery systems are one of the promising candidates for replacing lithium ion 
batteries in terms of several advantages.7 First and basically, magnesium has higher charge (+2) than 
lithium (+1). When magnesium ions are used as charge carriers, they can deliver two times larger 
charge than lithium per one ion. Second, magnesium (3833 mA h cm-3) has higher volumetric capacity 
than lithium (2046 mA h cm-3). With higher volumetric capacity, magnesium can provide same sources 
with smaller amount than lithium. Third, magnesium is fifth abundant element in the crust. With its 
abundance, magnesium source is much cheaper than lithium source. Finally, there were no reports for 
magnesium about dendrite formation.8 As mentioned before, in the case of lithium, dendrites are 
formed on the surface of anode. It leads unwanted reaction and even explosion of the batteries. 
However, so far, magnesium in known not to form dendrite on the surface of the anode (Figure 5). 
Inexpensive price from high volumetric density and abundance, safety from non-dendritic reaction 
make magnesium based system attractive as an alternative for lithium ion battery system. 
However, there are several limitations for magnesium based system. First, there have been only a 
few high voltage cathodes. Because there were no electrolytes that can be operated in high voltage 
region, development of cathode materials were also limited in low voltage area near 2 V (vs. 
Mg/Mg2+).9 Recently, with the development of high voltage electrolyte that can be used near 3 V (vs. 
Mg/Mg2+), need for high voltage cathode materials is getting larger.10 Second, magnesium metal 
cannot be used with conventional polar aprotic solvents.11 When metals or electrodes meet electrolytes, 
Solid Electrolyte Interface (SEI) layers are formed on the surface. Lithium ions can pass through this 
SEI layers to react with electrode materials. On the other hand, when SEI layers are formed, 
magnesium ions cannot pass through SEI layers leading failure of reaction with electrode materials. 
So, researches about anode materials are required. 
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Figure 5 SEM images of electrodeposited magnesium8 
 (a) 500×, 0.5 mA cm−2, (b) 500×, 1.0 mA cm−2, (c) 500×, 2.0 mA cm−2,  
(d) 5000×, 0.5 mA cm−2, (e) 5000×, 1.0 mA cm−2 (f) 5000×, 2.0 mA cm−2. 
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1.3 Cathode materials that can store magnesium ions 
 
 The first observation of magnesium stripping was reported in 1920s.12 After this report, 
electrochemical magnesium deposition was reported.13 These studies used ether based Grignard 
solution. However, this system cannot used in actual battery system due to low stability and ionic 
conductivity of Grignard solutions. In 2000, Aurbach et al. reported first reversible magnesium battery 
system. Cheveral phase Mo6S8, magnesium metal and 0.25 M Mg(AlCl2BuEt)2 solution in THF were 
used as cathode, anode and electrolyte respectively.9a This report showed a new possibility of cheveral 
phase materials as magnesium battery cathode materials. Other kinds of cheveral materials such as 
Mo6T8 (T = S, Se) were reported as cathode materials.9d, 9e Cheveral phase cathodes delivered about 
100 mA h g-1 with stable cycle performance. Transition metal oxide materials were also reported as 
cathode materials. MoO3, and MnO2 were introduced as cathode materials.14 They showed larger 
specific capacity than chevaral phase materials but they showed poor cycle performance stability. 
These cathode materials were operated in low voltage region (< 2 V vs. Mg/Mg2+) because of lack of 
high voltage electrolytes. 
 However, in these days, electrolytes that can be operated in high voltage were developed. With these 
electrolyte, a few high voltage cathode materials were introduced. V2O5 thin film, MgFeSio4, 
synthesized by lithium de-insertion from Li2FeSiO4, vanadium phosphate and amorphous V2O5-P2O5 
with the various ratio were introduces as high voltage cathode materials operating in 1.5 ~ 3.8 V (vs. 
Mg/Mg2+).15 
 Here, I introduce one of the Prussian blue analogues, Na0.69Fe2(CN)6, as a magnesium storing 
cathode materials. Prussian blue analogues have been reported as cathode materials for lithium and 
sodium ion batteries.16 Most of them can be easily synthesized by simple precipitation method, which 
implies easier application to large scale production. In addition, due to cubic structure and large 
channel size, they have high possibilities as cathode materials.  
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1.4 anode materials that can store magnesium ions 
 
 Because magnesium metal cannot be used with conventional polar aprotic electrolytes, studies about 
anodes that could store magnesium ions have been introduced. Non-metal magnesium anodes can be 
used with conventional polar aprotic solvents. Arthur et al. reported bismuth and antimony and their 
alloys as conversion type anodes.17 The insertion of magnesium was conducted under 0.4 V (vs. 
Mg/Mg2+) and showed reversible cycling. Bi0.88Sb0.45 alloys showed best results in terms of capacity 
with 298 mA h g-1. The reversible insertion of magnesium into Sn was reported by Singh et al.18 It 
showed the capacity of 903 mA h g-1 low working potential (0.15 V vs. Mg/Mg2+). Although these 
materials showed possibilities to be used with polar aprotic solvents, their volume expansion was too 
large, which leads rapid capacity fading. So, non-conversion type anodes are required for lower 
volume expansion. 
Natural graphite is commercialized anode material in lithium battery, which means it is easy to apply 
to other systems. However, storing of other cations in natural graphite is not available. It shows poor 
capability when used with sodium. Recently, co-intercalation of sodium with ether solvents were 
reported.19 It showed reversible cycle performance with high capacity. By applying proper solvents, 
natural graphite can store other cations. 
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2. Na0.69Fe2(CN)6 as cathode material 
 
2.1. Experimental 
 
2.1.1 Synthesis  
  
Fe2(CN)6 (FCN) was synthesized by simple precipitation method. 2 M FeCl3 solution was added to 1 
M K3Fe(CN)6 solution with the molar ratio of FeCl3 : K3Fe(CN)6 = 2 : 1 by dropwise addition. All 
solution was prepared with D.I water solvent. The addition was conducted while the solution was stirred. 
The precipitate was filtered and washed by D.I water and dried at 80 °C under vacuum. 
 Na0.69Fe2(CN)6 (NFCN) was prepared with same precipitation method. 0.08 M Fe(NO3)3∙9(H2O) was 
added to 0.04 M Na4Fe(CN)6 solution. CH3COONa was added to solution with the molar ratio of 
Na4Fe(CN)6 : CH3COONa = 1 : 30. CH3COONa was added to control acidity of solution for managing 
Na content. The reaction was conducted with the molar ratio of Fe(NO3)3∙9(H2O) : Na4Fe(CN)6 = 2 : 1. 
All solution was prepared with D.I water solvent. The addition was conducted while the solution was 
stirred. The precipitate was filtered and washed by D.I water and dried at 120 °C under vacuum.  
 
2.1.2 Material characterization 
  
Scanning electron microscopy (SEM) images were taken by Hitachi S-4800 field-emission scanning 
electron microscope (FE-SEM). X-Ray diffraction (XRD) patterns of powders and electrodes were 
gained with a Rigaku D/MAX2500V/PC powder diffractometer using Cu-Kα radiation (λ = 1.5405 Å) 
operated in the 2θ range of 10−80°. High-resolution TEM and EDS analysis were conducted using a 
scanning transmission electron microscope (HR-TEM, STEM, JEOL JEM-2100F). An ion milling (Ion 
slicer, JEOL EM-09100 IS) was conducted to prepare the specimens for transmission electron 
microscopy (TEM) analysis. The specimens were prepared by an epoxy embedding, followed by 
mechanical milling and ion milling. Fe K-edge X-ray absorption near edge structure (XANES) analysis 
was conducted on the 6D beamline at the Pohang Accelerator Laboratory (PAL). The Na content in 
sample was examined by inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis. 
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2.1.3 Electrode preparation 
  
Working electrode was prepared with active material, conducting carbon and binder. Super P and 
PVdF(polyvinylidene fluoride) were used as conduction carbon and binder. The binder was dispersed 
in NMP for even dispersion and easier mixing. The electrode was composed with the ratio of active 
material : conducting carbon : binder = 75 : 15 : 15. Active material and conducting carbon was firstly 
mixed with mortar and the mixed with binder solution. Then, the mixture was blended with mixing 
machine (Thinky ARE-250, Interelectronics Co.) with extra addition of NMP for appropriate viscosity. 
The mixed slurry was casted on Al current collector and dried at 80 °C. The electrode was dried at 
120 °C right before the cell assembly. 
 Counter electrode was prepared with activated carbon (MSP-20), conducting carbon (Super P), and 
binder (PTFE : polytetrafluoroethylene). PTFE was dispersed in D.I water. All compounds was mixed 
in mortar with the ratio of 80 : 10: 10. Mixed compounds were pressed to sheet form with 750 ~800 
mm thickness. The sheet was dried at 120 °C and re-dried right before cell assembly at same temperature. 
The open circuit voltage of activated carbon is measured with Ag/Ag+ reference electrode for several 
times. It was measured as - 0.05 V (vs. Ag/Ag+), which is calibrated to 2.864 V (vs. Mg/Mg2+) 
 
2.1.4 Cell configuration 
  
The electrochemical test was conducted by 2032 coin cell. Active material casted on Al foil was used 
as working electrode. Activated carbon (AC) was used as counter and reference electrode. The reference 
voltage was calibrated with Ag/Ag+ reference electrode. 0.3 M Mg(TFSI)2 in acetonitrile was used as 
electrolyte. 
 
2.1.5 Electrochemical test 
  
Galvanostatic tests were conducted in - 0.8 ~ 0.8 V (vs. AC) region with current density of 3.65 mA 
g-1. The tests were processed using WBCS 3000 (WonATech, Korea) at 30 °C. 
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2.2 Results and discussion 
 
2.2.1 Preparation of materials 
  
Two Prussian blue analogues, FCN and NFCN, were synthesized by a simple precipitation method. 
There were no impurity peaks in the XRD patterns (Figure 6) and they showed that the as-prepared 
samples both have typical cubic structure (space group Fm-3m) of Prussian blue analogues. Figure 7 
shows the typical structure NaxFe2(CN)6 is schematically. SEM images of Figure 8 shows that FCN and 
NFCN have hundreds of nm and tens of nm particle size respectively. Although they have same 
structure except existence of Na, it is quite astonishing that they showed different electrochemical 
properties. 
 Solution consisted of 0.3 M Mg(TFSI)2 and acetonitrile was used as electrolyte to examine cathode in 
high voltage area. However, acetonitrile based electrolyte cannot be used Mg metal because there was 
no report for Mg deposition in this electrolyte. So, the electrochemical properties of FCN and NFCN 
were examined with activated carbon (AC) quasi-reference electrodes. The potential of AC electrode 
was calibrated by Ag/Ag+ reference electrode (Figure 9). In addition, the amount of AC is 20 times 
higher than active materials, so the voltage of AC is expected not to vary significantly. The stability of 
electrolyte was examined by linear sweep voltammetry (Figure 10). It showed stable performance in -
2.8 V ~ 1.0 V (vs. AC). 
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Figure 6 XRD patterns of Fe2(CN)6 (FCN) and Na0.69Fe2(CN)6 (NFCN) 
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Figure 7 Schematic diagram of NaxFe2(CN)6 cubic structure  
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Figure 8 SEM images of (a), (b) Fe2(CN)6 (FCN) and (c), (d) Na0.69Fe2(CN)6 (NFCN) 
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Figure 9 Cyclic voltammetry of activated carbon (AC) electrode for OCV calibration 
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Figure 10 Anodic and cathodic linear sweep voltammetry of 0.3 M Mg(TFSI)2/AN electrolyte 
17 
 
2.2.2 Electrochemical properties 
 
As shown in Figure 11, 12, electrochemical properties were examined for both FCN and NFCN. FCN 
showed no electrochemical activity with Mg2+ ions (Figure 11). However, NFCN showed stable cycling 
with the capacity about 70 mA h g-1. It delivered about 45 mA h g-1 in the first discharge, which 
corresponds to 0.24 mole of Mg 2+ ions per 1 mole of NFCN. However, charge capacity of NFCN in the 
following charge cycle. This indicates that larger amount of cations were de-inserted form NFCN during 
charge than inserted Mg2+ cations during discharge. It means that not only inserted Mg2+ ions but also 
existing Na+ ions in bare NFCN acted as charge carriers. To confirm that existing Na+ ions can act as 
charge carriers, electrochemical properties of NFCN was tested starting with charging process. NFCN 
delivered about 40 mA h g-1 in the first charge cycle (Figure 12b). In addition, it delivered about 90 
mA h g-1 in the following discharge cycle. It means that both existing Na+ ions in NFCN and inserted 
Mg2+ ions from electrolyte acted as charge carriers. Furthermore, regardless of starting with discharge 
or charge, NFCN delivered about 70 mA h g-1 after second cycle. NFCN showed stable cycle 
performance without critical capacity fading over 35 cycles for both initial step condition (Figure 13). 
So, further analyses were conducted only for starting with discharge. 
 
 
  
18 
 
 
 
 
 
 
 
 
 
 
 
Figure 11 Voltage profile of FCN 
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Figure 12 Voltage profile of NFCN starting with (a) discharge and (b) charge 
20 
 
 
 
 
Figure 13 Cycle performance of NFCN starting with (a) discharge (b) charge 
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2.2.3 Structural and oxidation state analysis 
 
Structural change of FCN and NFCN with Mg2+ ions was examined by ex situ XRD analysis as shown 
in Figure 14 - 17. In accordance with electrochemical analysis, FCN does not show notable structural 
change with discharge and following charge process (Figure 14b, 15). On the other hand, in the case of 
NFCN, XRD peak reversible shifted with discharge and charge process. After Mg2+ ions were firstly 
intercalated into NFCN (discharge), XRD peak at 17-18 ° shifted to lower angle which means that the 
lattice of NFCN enlarged. Then, it moved higher angle with following de-intercalation of charge carriers 
(charge). Because not only inserted Mg2+ ions but also existing Na+ ions were de-inserted, XRD peak 
shifted to higher angle than pristine NFCN state. This means that the lattice of NFCN reduced. This 
reversible peak shift was also observed at further cycled state and Na+ de- intercalation as first cycle (vi 
of Figure 16b). 
 As shown in Figure 18, more detailed lattice parameter was compared with Rietveld refinement. 
According to intercalation and de- intercalation of charge carriers, lattice parameter of NFCN reversibly 
changed. Lattice parameter was enlarged with discharge and decreased with charge process. The 
amount of difference is about 0.1Å, which leads about 3 % volume expansion than pristine volume. 
Interestingly, lattice parameter expansion is smaller in charge process. This comes from structural 
change form cubic to rhombohedral structure in alkali-rich phase in Na0.69+Fe2(CN)6 (0.31 < ). When 
the amount cations in NFCN increases, the structure of NFCN starts to be distorted and changes to 
rhombohedral structure. So, lattice parameter variance is larger in discharge process than charge process 
due to phase transition to rhombohedral structure. 
 Reversible Mg2+ intercalation is also supported by ex situ XANES analysis. As shown in Figure 19, 
XANES peak shifted to lower energy than pristine state after discharge. This means that Fe in NFCN 
is reduced than pristine state. Then the peak shifted to high energy in following charge, which means 
that Fe got oxidized after charge process. In addition, Fe got more oxidized than pristine state in charged 
state. This results from Na+ de- intercalation in charge process in accordance with ex situ XRD analysis. 
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Figure 14 Ex-situ XRD (a) spots and (b) patterns pattern of FCN ranging 15 - 20 ° 
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Figure 15 Ex-situ XRD patterns of FCN ranging 10 - 60 ° (Ordering is the same with Figure 13) 
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Figure 16 Ex-situ XRD (a) spots and (b) patterns of NFCN ranging 15 - 20 ° 
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Figure 17 Ex-situ XRD pattern of NFCN ranging 10 - 60 ° (Ordering is the same with figure 14) 
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Figure 18 Lattice parameter variation (Ordering is the same with figure 14) 
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Figure 19 X-ray absorption near edge structure (XANES) variation of NFCN according to discharge and charge 
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2.2.4 Reversible Mg2+ intercalation 
 
Reversible intercalation and de-intercalstion of Mg2+ ions were investigated by ex situ TEM analysis. 
Figure 20 shows cross-sectional TEM images and EDS mapping of discharged and following charged 
state. After Mg2+ ions were intercalated into NFCN, Mg was detected clearly in NFCN particle by EDS 
mapping. The Mg/Fe mole ratio was calculated to 0.24, which matches discharge capacity at first cycle 
leading Mg0.24Na0.69Fe2(CN)6. After following charge, ca. 0.15 mol of Mg was detected after following 
charge. This indicates that 0.09 mol of Mg were reversibly de-intercalated from Mg0.24Na0.69Fe2(CN)6 
and existing Na+ ions were de-intercalated with Mg2+ ions. This phenomena comes from faster diffusion 
kinetics of Na+ ions than that of Mg2+ ions. Due to bivalency, Mg - (CN)– bonding can have stronger 
coulombic attraction than Na - (CN)– bonding. So, Na+ ion de-intercalation could be easier than that of 
Mg2+ ions. 
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Figure 20 EDS mapping of NFCN after (a) discharge and (b) following charge by TEM 
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3. Mg2+ co-intercalation into Natural graphite 
 
3.1 Experimental 
 
3.1.1 Material characterization 
 
 X-Ray diffraction (XRD) patterns were obtained with a Rigaku D/MAX2500V/PC powder 
diffractometer using Cu-Kα radiation (λ = 1.5405 Å) operated in the 2θ range of 10−60°. High-
resolution TEM and EDS analysis were conducted using a scanning transmission electron microscope 
(HR-TEM, STEM, JEOL JEM-2100F). 
 
3.1.2 Electrode preparation 
 
Working electrode was prepared with active material and binder. PVdF (polyvinylidene fluoride) was 
used as binder. The binder was dispersed in NMP for even dispersion and easier mixing. The electrode 
was composed with the ratio of active material : binder = 80 : 20. Active material and binder were 
blended with mixing machine (Thinky ARE-250, Interelectronics Co.) with extra addition of NMP for 
appropriate viscosity. The mixed slurry was casted on Al current collector and dried at 80 °C. As 
prepared electrode was dried at 120 °C again right before the cell assembly. 
 Mg metal disk was used as counter electrode. Mg disks were polished with sand paper thoroughly to 
remove native oxide on the surface. Then it was washed with THF to remove polished dust. 
  
3.1.3 Cell configuration 
  
The electrochemical test was conducted by 2032 coin cell. Active material casted on Al foil was used 
as working electrode. Mg disk was used as counter and reference electrode. 0.3 M Mg(TFSI)2 in 
DME/DEGDME (5:5 v:v) solution was used as electrolyte. 
 
3.1.4 Electrochemical test 
  
Galvanostatic tests were conducted with constant capacity of 180mA h g-1 with current density of 2.0 
mA g-1.The tests were processed using WBCS 3000 (WonATech, Korea) at 30 °C. 
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3.2 Result and discussion 
 
3.2.1 Electrochemical properties 
  
 As shown in Figure 21, natural graphite showed reversible cycling with constant capacity of 180 mA 
h g-1 with current density of 2 mA g-1. The intercalation of magnesium was conducted around 0 V and 
following de- intercalation. Because the intercalation occurs near 0 V and below, deposition of 
magnesium can occur simultaneously. So, the electrochemical tests were conducted with constant 
capacity to avoid deposition reaction. After first cycle, the intercalation was conducted same voltage 
region, but de- intercalation voltage region was decreased. This is because unwanted side reactions were 
includes in first charge cycle. The cycle showed stable performance over 15cycles. 
 
3.2.2 Magnesium anode analysis 
 
 To confirm that magnesium actually participated in electrochemical reaction, the surface of cycled 
magnesium anode was investigated with SEM. As shown SEM images in Figure 22, the surface of 
magnesium anode after several cycles is different from pristine magnesium anode. There were hundreds 
of micrometer sized pores and deposits on the surface. It indicates that magnesium actually participated 
in electrochemical reaction and stripping and deposition of magnesium occurs at magnesium anode. 
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Figure 21 Constant capacity cycling with 180 mA h g-1 
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Figure 22 SEM images of (a) pristine (b) cycled magnesium anode surface 
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3.2.3 Structural analysis 
 
 To investigate structural change according to magnesium co-intercalation into natural graphite, ex situ 
XRD was conducted as shown in Figure 23. The (002) peak of natural graphite gradually decrease as 
intercalation proceeds. Then, it splits into two peaks. After the intercalation was performed with 180 
mA h g-1, (002) peak almost disappeared. In the process of de-intercalation, split peaks disappeared and 
(002) peak appeared again. However, it did not fully recovered compared with pristine natural graphite. 
This results from constant capacity test. Because unwanted side reactions were included in the capacity, 
intercalated ions were not fully de-intercalated form the structure. When de-intercalation was performed 
with larger capacity than intercalation, (002) peak was more recovered than same capacity de-
intercalation. So, magnesium can reversibly co-intercalated with natural graphite. 
To investigate detailed structural change, natural graphite was examined with TEM analysis after 
magnesium intercalation. As shown TEM images of Figure 25, graphite layers were well-stacked in the 
case of pristine electrode. However, after Mg co-intercalation, there were some regions that natural 
graphite layers seems to be collapsed. Both layered and non-layered were observed. By EDS mapping, 
magnesium was mainly detected in the non-layer region as shown in Figure 26. When magnesium is 
co-intercalated into natural graphite, its layered crystallinity decreases.  
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Figure 23 Ex-situ XRD (a) spots and (b) patterns of natural graphite ranging 20 - 30 ° 
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Figure 24 Ex-situ XRD patterns of natural graphite ranging 10 – 40 ° (ordering is the same with figure 22) 
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Figure 25 TEM images of (a) pristine (b), (c) Mg intercalated natural graphite 
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Figure 26 EDS mapping of natural graphite after magnesium intercalation(c of Figure 25) by TEM 
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3.3.3 Co-intercalation of magnesium with solvent 
 
 The co-intercalation of magnesium into natural graphite is supported by ex situ Fourier transform 
infrared (FT-IR) analysis. After magnesium intercalation process, cell was disassembled and cycled 
electrode was washed with THF to remove residual salt and electrolyte on the electrode surface. 
Compard with pristine electrode, vibrations of bondings that is related with electrolyte was observed in 
the case of cycled electode. It indicates that solvated magnesium ions were co-intercalated with solvents 
into natural graphite during discharge process. Ether bases electrolytes could solvate magnesium ion in 
non-polar like form, which makes it easier easier to intercalate in natural graphite that has hydrocpopic 
characteristic.19 
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Figure 24 FT-IR analysis of electrolyte and natural graphite at pristine and discharged state 
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4. Conclusion 
  
In this research, magnesium ion intercalation materials were introduced for electrode materials for 
magnesium based battery system. One of the Prussian blue analogues, Na0.69Fe2(CN)6 is introduced as 
cathode materials that can store magnesium ions. It showed approximately 70 mA h g-1 of capacity 
with stable cycle performance over 35 cycles in 2.0 ~ 3.6 V (vs. Mg/Mg2+, calibrated). The reversible 
structural change was observed with ex situ XRD during intercalation and de-intercalation of 
magnesium. Due to the phase transition of alkali-rich state of Na0.69+ Fe2(CN)6 (0.31 < ), it showed 
larger structural change during discharge. However, the maximum volume expansion was only 103 % 
than pristine state. This negligible volume expansion leads stable cycle performance. The reversible 
intercalation and de-intercalation were observed with TEM and EDS mapping. 0.24 mol of magnesium 
was detected after discharge, which matches with first discharge capacity, and 0.15 mol of magnesium 
was detected after following charge. This indicates that 0.09 mol of magnesium was reversibly de-
intercalated with existing sodium in Na0.69Fe2(CN)6. The possibility of sodium de-intercalation can be 
confirmed with electrochemical test of Na0.69Fe2(CN)6 starting with charge. Because of bivalency of 
magnesium ions, coulombic attraction between Mg-(CN) bonding is larger than Na-(CN) bonding. This 
affects de-intercalation kinetics of magnesium leading more de-intercalation of sodium than magnesium. 
By comparing Fe2(CN)6 and Na0.69Fe2(CN)6, it seems that existence of sodium make magnesium ions 
easier to be intercalated into Prussian blue analogues.   
 The co-intercalation of magnesium with ether solvent into natural graphite was introduced. It 
showed reversible cycling with constant capacity of 180 mA h g-1. The reversible structural change was 
observed by ex situ XRD during intercalation and de-intercalation. (002) peak of natural graphite was 
disappeared with intercalation and recovered with following de-intercalation. Detailed structural change 
was investigated with TEM and EDS mapping. There were spots that (002) layers of natural graphite 
are collapsed and magnesium ions were mainly detected in that region. To confirm participant of 
magnesium in the reaction, SEM analysis of magnesium metal surface was performed. There were 
hundreds of micrometer sized pores and deposits on the surface of magnesium. It indicates that the 
magnesium actually participated in reaction. To confirm co-intercalation of solvents into natural 
graphite, ex situ FT-IR was conducted with magnesium intercalated electrode. It showed there were 
peaks of electrolytes in the electrode which means co-intercalation of solvents into natural graphite. 
 Na0.69Fe2(CN)6 and natural graphite were introduced as magnesium ion intercalstion electrode 
materials that can be used as cathode and anode respectively. Intercalation of magnesium into Prussian 
blue compounds with sodium and co-intercalation of magnesium into natural graphite with ether 
solvents could suggest new method for development of magnesium based battery systems. 
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